indicated that the most important prognostic factors governing survival after treatment are stage of disease, age, gender, and remission (9;10). In the United Kingdom, most patients are treated initially with chlorambucil (about 70% of these cancers respond) and empirically on relapse with a range of chemotherapies (10-50% respond) (12) .
Sensitivity to different chemotherapies can vary markedly between individuals, and it has been shown that remission is strongly correlated with receiving a drug that effectively destroys tumor cells (5) . The differential staining cytotoxicity (DiSC) assay is an in vitro drug sensitivity test performed on white cells isolated from patient blood samples using a panel of drugs. The DiSC assay is one of a number of similar tests (6) . This paper reports a multivariate analysis of therapeutic response and survival in patients whose in vitro drug sensitivity is assessed using the DiSC assay. Its objectives are to explore the potential effectiveness (increased survival) and cost-effectiveness (cost per life-year gained) of using the DiSC assay to guide the treatment of patients with CLL.
METHODS
Patients with a primary diagnosis of CLL, assayed between 1988 and 1994 by Bath Cancer Research and treated within 6 months of their assay were included in a prospective cohort study. The 178 patients identified were a mixed cohort, predominantly from two groups of patients: those being entered into the MRC CLL III Clinical Trial and those patients from whom samples were sent to Bath Cancer Research for testing during routine care. Prognostic variables and treatment given were recorded. Stage of disease was assessed in accordance with the system proposed by Binet et al. (3) .
DiSC assay assessment involves a standardized test that finds the lowest concentration of drug at which 90% of tumor cells are eradicated in vitro (LC 90 ) (7) . Main drugs tested (with threshold LC 90 sensitivity applied, in g/ml) were chlorambucil (12.8) , cyclophosphamide (mafosfamide in vitro, (1.6), doxorubicin (0.32), epirubicin (0.32), fludarabine (2) , cladribine (0.64), pentostatin (250), methylprednisolone (10), prednisolone (5), and vincristine (1), all of which have been shown in trials to be effective alone or in combination. Useful sensitivity to a particular drug is indicated when a patient's LC 90 for that drug is less than or equal to the reference threshold (which was defined on the basis of previous comparisons of test results with subsequent patient response). DiSC assay assessment meant that, for each patient, in vitro sensitivity to the treatment given and to other potential treatments was known. This means that each patient can be categorized overall in terms of in vitro drug sensitivity and subsequent treatment thus:
Ex vivo sensitivity [ϭ Sens]ϭ and treatment ΄ 0: Not sensitive to any drug(s) given or tested, i.e., resistant 1: Sensitive to some drug(s) tested but not to drug (s) given, i.e., unexploited sensitivity 2: Sensitive to drug(s) given, i.e., exploited sensitivity ΅
Analysis using this categorization can distinguish the value of having a pathology sensitive to drugs (Sens ϭ 0 versus Sens ϭ 1, 2), and the advantage of exploiting such a pathology (Sens ϭ 1 versus Sens ϭ 2). Those found to be sensitive to the drugs given (Sens ϭ 2) are referred to as those with exploited sensitivity; patients categorized as Sens ϭ 1 are referred to as those with unexploited sensitivity.
The outcomes recorded were remission (after a minimum of two monthly courses of therapy) and survival time from the date of the assay. Response was categorized as remission (complete or partial response to therapy) and no remission according to standard MRC criteria (14) .
The association of drug sensitivity and response was assessed by logistic regression analysis. Univariate analysis was performed followed by multivariate analysis in order to adjust for the effects of potential confounding variables: age, sex, stage of disease, previous treatment, trial membership, the influence of feedback of DiSC assay findings to clinicians, and interactions between variables. The adjusted odds ratios for various categories of drug and treatment sensitivity were estimated.
Analysis using Cox's proportional hazards model assessed the relationship of drug sensitivity and treatment with survival. Survival probability S at time t is expressed in general as:
where H 0 is the underlying cumulative hazard function and PI (the prognostic index) is the set of independent variables influencing survival X 1..n and their regression coefficients b 1..n (1) . Hazard ratios for patients in the various categories were estimated, adjusting for potential confounding variables and interactions and testing for constant proportionality over time. Survival curves were generated, and gains in life expectancy were estimated, from the baseline cumulative hazard function and prognostic index. Since several variables in the prognostic index influenced survival, confidence intervals for the estimates of survival were generated by a stochastic simulation (11) . This involved generating a large number of estimates of each coefficient in the prognostic index of the hazard function, where each estimate was drawn from a normal distribution using the estimated mean and standard error of the coefficient. In this manner a mean and standard error were obtained for the prognostic index in total for each patient subgroup. Ten thousand randomly determined sets of coefficients were generated.
All logistic and survival estimations were carried out using EGRET and replicated on SPSS for Windows. Stochastic simulations were performed using SPSS for Windows.
Major costs were identified and the potential effect of the introduction of DiSC assay assessment upon treatment choices was explored.
RESULTS
Assays were conducted for 178 CLL patients: 94 as they entered into the MRC CLL III Trial; 37 as they entered into other trials; 47 at the commencement of nontrial treatment. The mean age at the start of treatment was 65 years: this did not vary significantly by stage of disease or patient gender. Maximum follow-up from the time of commencing treatment was 5.9 years with a median of 1.3 years. Overall, 70% of patients were male (typical of CLL patients in general), although the proportion of female patients with stage A disease was higher than for the other stages. The median treatment duration was 4.9 months and continued beyond 12 months for only 2% of patients. Nearly 40% of patients had previously received chemotherapy, and 17% had received more than one treatment regimen. Seventy percent of patients were sensitive to at least one drug received (exploited sensitivity) as shown in Table 1 . A further 23% were sensitive to one or more drug(s) but not to the drug(s) they were given (unexploited sensitivity). Twelve patients (7%) indicated no sensitivity to any drug tested in vitro. Remission was achieved in 59% of patients, about a quarter of whom experienced a complete response.
Patients with more advanced disease, as indicated by stage, were less likely to have received a drug to which they were found to be sensitive in vitro, less likely to have responded to therapy, and were more likely to have died during the study. Sixty-one patients (34%) had died (any cause) by the end of the study. Four patients died of causes unrelated to CLL (the cause was other cancers; all four were in the Sens ϭ 2 category).
The rate of remission was more than 70% in patients with exploited sensitivity (Sens ϭ 2); but only 30% in patients with unexploited sensitivity (Sens ϭ 1). Only 2 of the 12 patients with no drug sensitivity experienced remission after treatment (Sens ϭ 0). Nearly a quarter of patients who received a drug to which they were sensitive died during the follow-up period, compared with over 90% of those with no drug sensitivity. The assay results were returned to clinicians in 30 cases (17%) and were known to influence treatment in 18 patients (10%): the effect of this was tested for in the models generated and found not to influence results. Assay results were not returned in the case of trial enrollees, since this might have influenced trial results.
Although there were insufficient patient numbers to perform survival analyses by drug, patient categories of drug sensitivity (and subsequent response) were spread fairly evenly over the various regimens (Table 1) .
Remission
The result of the univariate logistic regression to estimate the probability of remission is shown in Table 2 . This shows the odds ratio of remission relative to the base case of patients with unexploited sensitivity. Thus, patients with exploited sensitivity had a 6.5 times greater odds of remission (95% CI, 2.91-14.53) than those with unexploited sensitivity. The model also suggests that patients with no drug sensitivity had half the odds of remission of the baseline group, but this finding is not statistically significant.
Potential confounding variables, identified in trials as important, were added in an incremental manner starting with age and sex. Adjustment for these variables did not materially alter the estimates of odds ratios for patients in different categories of drug sensitivity.
Survival
The result of the univariate estimation of incidence of death is shown in Table 3 ; the hazard ratio for each category is expressed relative to the base case of patients with unexploited sensitivity. The rate of dying was reduced to less than a third in patients with exploited sensitivity (95% CI, 0.163-0.525), compared with the base category. Patients with no drug sensitivity experienced a rate of death twice that of base case patients (95% CI, 0.983-4.191), although this is of borderline statistical significance. The corresponding Kaplan-Meier survival curves are shown in Figure 1 .
A multivariate regression model, adding age, sex, and stage ( 2 [4] ϭ 23.2, p Ͻ .001), did not materially alter the hazard ratios associated with drug sensitivity status. Increasing age and stage C disease are associated with a decreased survival rate as expected; female gender is associated with increased survival as expected (9) . Other potentially confounding variables were added, but none of these significantly Table 4 ). This means that although patients with exploited drug sensitivity have, on average, one quarter of the incidence of death of the baseline group, the size of benefit may decrease with increasing age.
The assumption of constant proportionality over time for the explanatory variables was tested and accepted, in each model shown, by fitting (logarithmic) time covariates: none of these was statistically significant or substantially altered the hazard ratios for the categories of drug sensitivity.
Years of Life Gained
In order to calculate the potential benefits from using the DiSC assay, it was assumed that the survival experience of a patient with unexploited drug sensitivity, if given a drug to which he or she was sensitive, would improve to match that of an (in all other respects similar) patient with exploited sensitivity. The implications of this assumption are explored in the sensitivity analysis.
Examples of survival curves, generated from the regression model (Table 4) , are shown in Figure 2 . Survival for each group was calculated by adjusting baseline survival using the regression coefficients and underlying hazard function. Survival gains were estimated for 3.3 years following treatment, since this was the time span over which the underlying hazard function was calculable. No extrapolation of survival gains beyond this is included in the analysis.
The anticipated average gain in life expectancy was calculated to be 0.98 lifeyears for each male patient, aged 65 with stage A or B disease, currently not receiving a drug to which his cancer is sensitive (Figure 2 ). For a similar female patient, the average gain was 0.64 life-years. In this cohort, 35 of 124 male patients had unexploited drug sensitivity, and so the implied benefit is 0.28 life-years gained per DiSC assay for men (35/124 ϫ 0.98]. Similarly, 6 of 54 women patients would be predicted to benefit, leading to 0.07 life-years gained per DiSC assay for women (6/54 ϫ 0.64). Survival gains implied by changing treatment using DiSC assay results were estimated for various patient age and disease categories (Table 5) . Female patients derived less of an advantage than males because of their relatively more favorable baseline prognosis. Conversely, stage C patients benefit more than stage A or B patients of the same age because of greater scope for improvement in survival. The survival gains for all groups decrease with age. 
Cost Analysis
The cost of a DiSC assay is currently £380 (1998 prices). Costs of administering various chemotherapies vary by more than a factor of 10 (2); however, no systematic relationship between cost and efficacy has been reported. Patients with unexploited drug sensitivity would, by definition, have a different therapy recommended as a result of the assay than the one given previously. It is not possible to estimate reliably in what combination a clinician would give this therapy to the patient, and so the assumption was made that the cost of treatment before and after the assay result would not change. This may be a conservative assumption since, for all patients with in vitro sensitivity, there will be instances where two drugs offer equivalent in vitro responses, but one is many times cheaper. The survival expectation of patients without any in vitro drug sensitivity is very poor, even with treatment. It may be shown from future trials, using the DiSC assay, that such patients should not receive CLL-specific therapy. This would constitute a resource saving if the level of palliation remains unchanged.
Patients for whom therapy fails may proceed to another therapy. However, the therapies are immunologically harmful and induce resistance to other drugs (4;8). Failure to select a sensitive drug the first time around is likely to involve unnecessary treatment costs and may adversely influence outcomes. In addition, optimal therapy may also be expected to reduce the need for blood transfusions and other supportive treatment due to comorbidity.
Consideration of the probable changes in treatment costs suggests that the cost of the assay alone is a conservative estimate of the total change in costs. Although no adequate data are available to estimate savings in blood transfusions or optimization of therapy, the value of these could considerably offset the cost of the DiSC assay. Finally, as the uptake of newer, more expensive drugs becomes routine, so the potential cost savings from careful selection of therapy could increase.
Cost per Life-year Gained
Estimates of cost-effectiveness ratios for DiSC assay assessment for men and women are shown in Table 5 ; these include confidence intervals derived from the survival estimates shown. The cost per life-year gained (C/LY) with DiSC assay guided treatment ranges from £790 for male patients aged 50 with stage C disease to £6,410 female patients aged 70 with stage A or B disease. The influence of discounting future benefits at 5% per annum is predictably small, since survival is truncated to 3.3 years; the range becomes £860 to £7,040 per life-year gained. The range of estimates for men and women are similar to, or below, many currently funded health service activities. Weighted by the study cohort's particular mix of age, sex, and stage of disease, the estimated average incremental cost-effectiveness of DiSC assay assessment was £1,470 per life-year gained (undiscounted).
Sensitivity Analysis
The estimates of cost-effectiveness presented are subject to uncertainty. With follow-up limited to only a few years, estimates of survival gains have been truncated, reflecting the estimated hazard function. This makes estimates of benefits conservative and, if the emerging survival pattern was extrapolated, then the cost-effectiveness ratios would become more attractive, assuming benefits were sustained, particularly in younger patients. For example, if it is assumed that the survival curves converge after 3.3 years at the rate at which they diverged, this would double the survival gains and potentially halve the undiscounted cost-effectiveness estimates.
The analysis assumes that intervention (tailoring therapy using the DiSC assay) will improve survival for those with unexploited sensitivity to the level achieved by those with exploited sensitivity. The analysis has controlled for important prognostic variables indicated in trials, but it is possible that there are other unmeasured systematic differences between these two groups. It may be, in fact, that only a proportion rather than all of the improvement in survival is achieved. Consequently, the reported cost-effectiveness ratios would rise accordingly.
The patient sample reflects the male, older age-oriented nature of CLL. However, the patient sample may not be representative of all patients with CLL: levels of remission and general drug sensitivity are higher than expected, particularly so in stage C patients. If other patient cohorts have, on average, a more limited response to therapy, then the choice of drug will become more critical and a higher proportion of patients may benefit from the DiSC assay, resulting in a proportionate decrease in the cost-effectiveness ratios generated. Similarly, if the net cost of DiSC assay assessment is less than the cost of the assay (due to reduced costs of drugs, management, and care), then the cost-effectiveness estimates will improve.
DISCUSSION
Analysis shows that the odds of remission among CLL patients is increased by about six times for patients with exploited drug sensitivity indicated by the DiSC assay, compared with those with unexploited sensitivity (p р .001). Two important inferences emerge from the survival analysis. First, patients whose drug sensitivity is exploited by receiving treatment with a drug indicated by the assay results have markedly better survival than those whose drug sensitivity is not exploited (p р .001). Second, there is a notably poorer survival for those patients with no sensitivity to any drugs tested (p ϭ .044).
This implies that it may be useful to perform DiSC assays to tailor treatment to ensure that patient drug sensitivity is exploited. In addition, when interpreting CLL patient survival data, it is important to be able to differentiate between patients with and without in vitro drug sensitivity, since these groups have different prognoses. This promotes interest in Schrek's hypothesis that there are essentially different kinds of CLL that require different treatment approaches (15;16) .
The analysis did not find strong evidence to differentiate between patients with stage A and B disease. This may be partially due to the unexpected older age of stage A patients, because of patient selection (many stage A patients are not treated and hence could not be included in the analysis) and the length of available follow-up.
An attempt was made to control for the effects of known confounding factors by statistical adjustment, though in all observational studies some bias may remain due to undetected patient differences (13) . However, the large odds ratios found are unlikely to be wholly explained by the effects of residual confounders. Based on this observational study, in vitro drug sensitivity appears to be an important explanatory variable relating to patient remission and survival. It is recommended that future CLL treatment trials include DiSC assay assessment as a prognostic variable and that oncologists consider the applicability of the findings of this study to other related disease areas. The available evidence suggests that the DiSC assay may be a cost-effective technology for improving patient outcomes and should be more widely evaluated. The data justify the investment in a well-designed randomized controlled trial to establish more reliably and precisely the benefits and costs of using the DiSC assay to tailor drug treatment for CLL.
